ABSTRACT The Formosan subterranean termite, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), is primarily reported from subtropical and warm temperate regions, whereas Coptotermes gestroi (Wasmann) is reported from many areas of the tropics. Taiwan is one of a few areas where the distributions of the two species overlap. By analyzing partial mitochondrial sequences of COII, 12S rRNA, and 16S rRNA, we found that most Taiwanese C. formosanus populations were closely related to Japanese and some Chinese populations and that Taiwanese C. gestroi populations were most closely related to those from the Philippines and Hawaii rather than populations from Thailand, Malaysia, Singapore, and Indonesia. The intraspeciÞc variation of C. formosanus was 0.7Ð 0.8% for three genes among seven Taiwanese populations, whereas all Taiwanese C. gestroi populations had identical sequences. The results support that Taiwan may be a center of origin for C. formosanus, but a recent introduction site for C. gestroi.
phylogenetic study, 23 Coptotermes samples including 14 samples from Taiwan, Þve samples from Hainan Island, China, and four samples from Florida, United States., also were identiÞed by Þrst using morphological characters (Shiraki 1909; Oshima 1911 Oshima , 1912 Light 1929, Tsai and Chen 2003) . These samples were preserved in Ͼ95% ethanol before DNA extraction (Table  1) . The voucher specimens are deposited in the University of Florida Termite Collection, Fort Lauderdale Research and Education Center. Total genomic DNA from the same colony was extracted from three individual termites by using a DNeasy tissue kit (QIAGEN, Valencia, CA) , following the manufacturerÕs protocol, and stored at Ϫ20ЊC before polymerase chain reaction (PCR) attempts.
PCR and Purification. Primers for mitochondrial COII, 12S, and 16S, and references, are listed in Table 2 .
The 50-l PCR mixture (with Þnal concentrations) contained 35 l of water, TaqDNA polymerase incubation buffer (1ϫ), dNTP mixture (0.2 mM), forward and reverse primers (0.2 M each), 2 l of termite DNA template, and 1.25 U of AmpliTaq Gold (Applied Biosystems, Foster City, CA). The thermal cycling program for all PCR was as follows: a precycle denaturation at 95ЊC for 5 min, followed by 35 cycles of denaturation at 95ЊC for 1 min, annealing at 55ЊC for 1 min, and extension at 72ЊC for 2 min, and a postcycle extension at 72ЊC for 10 min. The PCR products were cleaned by using Montage PCR centrifugal Þlter devices (Millipore, Billerica, MA) , following the manufacturerÕs protocol.
Sequencing and Phylogenetic Inferences. PCR products were sequenced in both directions at the University of Florida DNA Sequencing Core Labora- a COII gene sequences from GenBank used for analysis include seven haplotypes (AÐG) of C. formosanus from mainland ChinaÑEF056702, EF056705, EF056706, EF056709, EF056714, EF056729, and EF056738 (Fang et al. 2008 )Ñand one C. gestroi sample, AY295078, from Taiwan (Tsai 2003). tory by using ABI Prism Big Dye Terminator cycle sequencing protocols developed by Applied Biosystems (part number 4303153, PerkinElmer, Foster City, CA). The sequences in this study were submitted to the GenBank database, and accession numbers are shown in Table 1 . Sequences from other studies, including Yeap et al. (2007) , Fang et al. (2008) , and Tsai (2003) were downloaded from GenBank and added for phylogeny analysis. Two Reticulitermes flaviceps (Oshima) samples from Lanyu Island, Taiwan, were included as the outgroup taxa (Li et al. 2008) (Table  1) . Base compositional analyses were conducted using a computer program MEGA version 4.0.1 (Tamura et al. 2007 ). The pairwise analyses of base substitutions per site were conducted by using the p-distance model and the number of differences model in MEGA (Tamura et al. 2004 (Tamura et al. , 2007 . DNA sequences were aligned by using ClustalW (Thompson et al. 1994) . A chi-square test was performed in PAUP* 4.0b10 (Swofford 2002) to check for homogeneity in base frequencies. The model of base substitution in the COII, 12S rRNA, 16S rRNA genes sequences, and combined data sets was evaluated using MODELTEST 3.7 (Posada and Crandall 1998) . The Akaike-supported model, the base frequencies, the proportion of invariable sites and the gamma distribution shape parameters and substitution rates were used in phylogenetic analyses.
The tree topology of each gene and their combined data set was performed by using Bayesian analysis (MrBayes 3.1.2, Huelsenbeck and Ronquist 2001) running the chain for 1,000,000 generations and setting the burnin at 1,000 after checking the saturation curve. The Markov Chain Monte Carlo method within a Bayesian framework was used to estimate the posterior probabilities of the phylogenetic trees (Larget and Simon 1999) by using 50% majority rule. Sites with missing data or gaps were treated as missing characters for all analyses. The Þrst, second, and third codon positions were partitioned for COII protein-coding gene.
Results

Distribution and Dispersal Flight Season.
ThirtyÞve C. formosanus samples and seven C. gestroi samples were collected from 32 locations in Taiwan.
Their distribution was mapped based on the combined data of current study, Tsai (2003) , and Tu (1955) (Fig. 1A) . C. formosanus is distributed throughout the island of Taiwan, and C. gestroi was found only in the southwestern part of the island (Fig. 1A) . C. formosanus was mostly found in artiÞcial structures, but C. gestroi was found in both artiÞcial structures and natural wood sources such as tree stumps, dead branches, and dead tree trunks. Neither species was found in the mountainous area (Ͼ500 m) of Taiwan. A dispersal ßight of several C. gestroi alates (TW8) in Chiayi City was observed on 22 May 2006 Ϸ6:00 p.m. by H.-F.L., which is the Þrst record of C. gestroi alates in Taiwan. During dusk the next day, numerous C. formosanus alates swarmed at the same location. This observation suggests an overlap of the dispersal ßight seasons of the C. formosanus and C. gestroi in Taiwan.
Genetic Analysis. Partial fragments consisting of 660 Ð 663 bp of COII, 358 Ð362 bp of 16S rRNA, and 396 Ð 401 bp of 12S rRNA were sequenced for the 23 samples obtained in the current study. In addition, 17 samples from Yeap et al. (2007) , seven samples from Fang et al. (2008) , and one sample from Tsai (2003) were obtained from GenBank and included for phylogenetic analysis (Table 1 ). All three mitochondrial genes of all ingroup taxa were A ϩ T rich (62.91% in COII, 65.93% in 12S, and 65.5% in 16S) and had a base use with an excess of AÕs. Among the three gene fragments, COII was the most variable (78.1% constant characters) and informative (19.3% informative sites), whereas 16S was the most conserved (89.9% constant characters) and the least informative (7.9% informative sites). Based on chisquare tests for base frequency homogeneity among taxa, the base frequency distribution of the three gene fragments and their combined data set were homogenous (P ϭ 1.0). Sequence divergence of combined COII, 12S rRNA, and 16S rRNA genes varied from 5.2 to 5.8% (73Ð 82 bp) between C. gestroi and C. formosanus populations and from 13.2 to 14.2% (186 Ð200 bp) between Coptotermes spp. and R. flaviceps (Table 3) . Intraspecies variation of C. gestroi ranged from 0 to 1% (0 Ð14 bp) and ranged from 0 to 0.3% (0 Ð 4 bp) for C. formosanus, except for TW55, which was 0.7Ð 0.8% (10 Ð11 bp) different from all of the other C. formosanus samples in this study. In Taiwan, the seven C. gestroi colonies had identical COII, 12S rRNA, and 16S rRNA sequences. The COII gene sequences of Taiwanese C. gestroi in this study were also identical with the sample collected in Taiwan by Tsai (2003) (AY295078) . Among the seven populations of C. formosanus distributed throughout Taiwan, the genetic diversity ranged from 0 to 1.2% in COII, 0 Ð 0.7% in 16S, but was identical for 12S.
We ampliÞed two different DNA fragments (Ͼ70 bp, Ϸ 10% difference) for each of eight C. gestroi samples from Taiwan and Florida by using two pairs of COII gene primers, A-tLeu and B-tLys (Jenkins et al. 2007) , and C2F2 and B-tLys (Yeap et al. 2007 ) (Table 2) using the same PCR conditions. The sequence ampliÞed by using A-tLeu and B-tLys primers has a single nucleotide deletion relative to the sequence obtained using C2F2 and B-tLys primers. After comparing the two sequences with other COII sequences of C. gestroi deposited in GenBank, we considered that the sequence with a deletion nucleotide was a pseudogene and not used in tree construction. However, DNA fragments of the Þf-teen C. formosanus samples in this study ampliÞed by using the two pairs of COII primers were not different.
Phylogeny Analysis and Population Structure.
Bayesian trees showed the phylogenetic relationships inferred from COII ( Fig. 2) and combination of COII, 12S rRNA, and 16S rRNA (Fig. 3) . The 12S and 16S trees can be viewed at http://ßrec.ifas.uß.edu/su/ hou-feng-li.shtml. Using R. flaviceps as the outgroups, C. gestroi and C. formosanus were well separated in two distinct clades. Among C. gestroi populations, The COII and 12S rRNA trees placed Indonesian into a distinct clade with support of 100% (COII) and 85% (12S). The 16S rRNA gene tree offered few clues to population structure of these C. gestroi populations. The tree generated from three mitochondrial gene sequences combined (Fig. 3) revealed that the 21 samples of C. gestroi could be divided into three geographical groups: group I: Taiwan, the Philippines, and Hawaii populations (support of 88%); group II: Thailand, Malaysia, and Singapore populations (support of 65%); and group III: Indonesian populations (support of 98%). The Florida sample was inferred to be close to group II.
Among C. formosanus populations, there are more samples available in COII, making it more informative for investigating population structure with this gene than 12S rRNA and 16S rRNA trees. The COII tree supported that Taiwanese, Japanese, and some Chinese samples (haplotype B and G) were grouped into a clade (support of 96%). Samples from Florida, Fig. 1 . Distribution of C. formosanus and C. gestroi in Taiwan (A) and Florida (B). The termite collection sites in Taiwan included 32 sites in this study and data from Tsai (2003) and Tu (1955) . The Florida map after Scheffrahn and Su (2005) included four collection sites from this study. The collection sites of samples used for molecular analysis in this study were noted with sample codes. The gray scale indicates the January average temperature in Taiwan (Lee et al. 1997) and Florida (Henry et al. 1994) . Hawaii, and China (haplotype D) were separated into another clade (support of 83%). The Chinese haplotype A, C, E, and F and samples from Hainan Island were not resolved. There was only 0 Ð3 bp differences (Ͻ0.5%) between the 26 COII sequences (Fig. 2 ) except for TW55 collected from southeastern Taiwan (6 Ð 8 bp; Ϸ 1% difference). Although TW55 was separated into another clade in the 16S rRNA tree, it was not separated from the others in COII and 12S rRNA trees, and no morphological differences were found between TW55 and other samples.
Discussion
Distribution. Among East Asian archipelagos, C. formosanus has been reported from the southern part of Japan, including southern Honshu (Ϸ35Њ N), Shikoku, and Kyushu through Ryukyu islands (Mori 1987) to the southern tip of Taiwan (Ϸ22Њ N) (Tu 1955 , Tsai 2003 . C. gestroi has been reported from the middle of Taiwan (Taichung City) (Ϸ24Њ N) (Tsai and Chen 2003) through the Philippines to the Java islands (Ϸ8Њ S) (Yeap et al. 2007 ). The zone of overlap of the two species lies between 22Ð24Њ N in Taiwan (Fig. 1A) . A similar distribution pattern of the two species in America also has been reported. C. formosanus has been reported from North Carolina (Ϸ35Њ N) (Su 2003) to Florida City, FL (Ϸ25.5Њ N) (Scheffrahn and Su 2005) . C. gestroi has been reported from Riviera Beach, FL (Ϸ27Њ N) (Scheffrahn and Su 2007) to the Caribbean islands such as Little Cayman Island, Turks and Caicos Islands Su 1990, Su et al. 2000) . The overlapping area of the two species lies between 25.5 and27Њ N in Florida (Fig. 1B) .
Low temperature is believed to be a limiting factor for termite activity (Sponsler and Appel 1991, Fei and Henderson 2002) . Even though Florida is further north than Taiwan, the average January temperature of the two overlapping zones are similar ( Fig. 1 ) (Henry et al. 1994 , Lee et al. 1997 ) because of the warming effects of the Gulf Stream that passes costal southeastern Florida. The average temperature of the overlapping zone ranged from 14 to 20ЊC in January. Neither C. formosanus nor C. gestroi were found in the central mountainous area of Taiwan and the middle wetland area of south Florida, which suggests the distribution of the two species is also limited by geography.
Phylogeography. Before early 1900s, the reported distribution of C. formosanus was restricted to China, Taiwan, and Japan (Su 2003) . Most Taiwanese are immigrants from south China, and frequent shipping between China and Taiwan has been recorded since the Ming Dynasty (1600s) (Su 1986 ). Japan has imported many agricultural products such as sugar cane, rice, tea, and logs from Taiwan since the late 1800s (Su 1986 ). The frequent transportation of infested materials between these three areas may have increased the gene ßow among C. formosanus populations. Genetic data in this study support that most Taiwanese populations of C. formosanus are closely related to Japanese and some Chinese populations which is consistent with human mediated movement of termites.
In contrast to C. formosanus, which showed a high level of divergence within Taiwan, the seven C. gestroi colonies distributed over 170 km in southwest Taiwan had identical sequences of COII, 12S rRNA, and 16S rRNA. Results suggest that the C. gestroi invaded Taiwan recently from a limited or point source. We hypothesize that the Taiwanese population of C. gestroi was introduced from the Philippines because it was closest to the Philippine populations both geographically and genetically. The frequent shipping between Taiwan and the Philippines could be traced back to the 17th century when Spanish colonized in both areas and Dutch colonized in southern Taiwan (Andrade 2008) . The tendency of C. gestroi to infest boats and ships may contribute to its dispersion (Scheffrahn and Su 2005) . In Jenkins et al. (2007) , no Philippine and Hawaiian samples were included for determining the source of Taiwanese C. gestroi, partially because that the Philippine and Hawaiian populations were thought to be another species, C. vastator Light, which was proved to be a junior synonymy to C. gestroi recently (Yeap et al. 2007 ).
When Light (1929) described C. vastator (ϭC. gestroi) in the Philippines, he reported C. gestroi was already a major pest to manmade structures there. However, C. gestroi was not recorded in Hawaii until 1963 (Weesner 1965 . In this study, the Hawaiian populations of C. gestroi also were closely related to the Philippine populations. Based on the historical records, geographic distance, and genetic data, we speculate the C. gestroi in Hawaii originated from the Philippines. Guam is located at midway among Taiwan, the Philippines, and Hawaii; hence, although the genetic data were not available for the current study, the C. gestroi (ϭC. havilandi Holmgren) populations in Guam (Su and Scheffrahn 1998 ) also may be close to those from these three areas.
Origination of C. formosanus and C. gestroi. Southern China is considered the origin of C. formosanus because of high species diversity of Coptotermes (24 species) (Li 2000) and the association of termitophile beetles in C. formosanus nests (Kistner 1985) . Populations of endemic species generally have higher genetic diversity in the center of origin than introduced areas, and this principle is applicable to termites (Tsutsui et al. 2000 , Austin et al. 2006 ). However, Fang et al. (2008) analyzed COII gene sequences of 35 C. formosanus colonies from six provinces in China and reported a low level of genetic variation (0 Ð 0.5%) compared with other termite species in the same area. Fang et al. (2008) considered that the low level of genetic variation was caused by frequent human activity and also pointed out that higher genetic diversity was found in areas with low transportation development in China such as Guangxi province. C. formosanus is highly adapted to the urban environment, and has been dispersed by railway and ships (Austin et al. 2008 , Jenkins et al. 2002 , Scheffrahn and Su 2005 through 10 southeastern U.S. states in the past 50 yr (Su 2003) . The rapid expansion suggests a possibility that some of the 12 provinces in China may have been infested relatively recently through human activity.
Taiwan and mainland China were connected in glacial periods (Ota 1998 , Voris 2000 , and high genetic variation of Taiwanese populations found in this study suggests that C. formosanus could be endemic to Taiwan. In the current study, the COII gene variation among Taiwanese populations (0 Ð1.2%) was higher than that among Chinese populations (0 Ð 0.5%) due to sample TW55, which was collected in southeast Taiwan from an isolated area surrounded by mountains (Fig. 1A) . The 16S rRNA gene sequences of TW55 also showed difference from other samples in certain degree (0.7Ð1.0%). More C. formosanus samples collected from east Taiwan for genetic analysis could further conÞrm the high genetic variation among Taiwanese populations.
C. gestroi populations possesses higher genetic variation among several geographic areas than C. formosanus (Table 3) , which supports the hypothesis that southeast Asian countries including the Philippines, Malaysia, Singapore, and Indonesia are the center of origin for C. gestroi. Obtaining genetic sequences from samples collected in other southeast Asian countries, such as Vietnam, Laos, Cambodia, and the type locality, Myanmar, will be helpful to infer the speciÞc origin.
In conclusion, C. formosanus was found to be distributed throughout Taiwan, whereas C. gestroi was limited to the south. The zone of overlap for the two species was between 22 and24Њ N with average temperatures of 14 Ð20ЊC in January. The genetic data support that Taiwan is one of the endemic areas for C. formosanus, but C. gestroi seems to be an introduced species from the Philippines.
